Abstract: Chemical analysis of a marine sponge, Cacospongia sp. (CMB-03404), obtained during deep sea commercial fishing activities off the southern coast of Australia, yielded an unprecedented family of sesterterpene α-methyl-γ-hydroxybutenolides, cacolides A-L (1-12), together with biosynthetically related norsesterterpene carboxylic acids, cacolic acids A-C (13-15). Structures were assigned on the basis of detailed spectroscopic analysis with comparisons to known natural products and biosynthetic considerations. In addition to revealing new chemical diversity, this study provided a valuable platform for comparing and contrasting the capabilities of the traditional dereplication technologies of HPLC-DAD, HPLC-MS and NMR, with those of the emerging HPLC-MS/MS approach known as global natural products social molecular networking (GNPS), as applied to marine sponge sesterterpene tetronic acids.
Introduction
Marine sponges (Phyla: Porifera) are a rich source of chemically diverse natural products. Indeed, some natural product structure classes unique to marine sponges have even been instrumental in informing systematic classifications. A case in point are the sesterterpene tetronic acids encountered in the Family: Irciniidae, Genera: Ircinia, Psammocinia and Sarcotragus [1] . Early accounts of Irciniidae sesterterpene tetronic acids include the 1972 report of ircinin-1 and ircinin-2 from Ircinia oros [2] , and the 1973 report of variabilin from Ircinia variabilis [3] , with absolute configurations for all three assigned in 1994 using metabolites from Australian Ircinia spp. [4] . The rapid pace of marine natural product discovery over the last four decades has included many accounts of Irciniidae sesterterpene tetronic acids, including from Australian Ircinia [5, 6] , Psammocinia [6] [7] [8] [9] [10] and Sarcotragus spp. [10] . As the prevalence of known sesterterpene tetronic acids increased, so did the need for rapid, reliable and cost effective dereplication. Dereplication strategies seek to analyse crude extracts/fractions, to achieve the early detection and de-prioritization of known chemistry, such as sponge sesterterpene tetronic acids, to ensure effective use of scientific resources. Modern dereplication strategies, which typically employ hyphenated chromatographic (i.e., HPLC, UPLC), spectroscopic (i.e., UV-vis, DAD, NMR) and/or spectrometric (i.e., MS) technologies, are generally effective at detecting sesterterpene tetronic acids in sponge extracts. As a result, many marine natural products researchers use these strategies to deprioritize such extracts at an early stage in the discovery process, in favour of extracts with a higher probability of returning new chemistry.
In this report, we describe an unprecedented family of sponge sesterterpenes, cacolides A-L (1-12) and related metabolites, cacolic acids A-C (13) (14) (15) , isolated from a sponge extract initially dereplicated as containing sesterterpene tetronic acids. 
Results and Discussion
A portion of the aqueous EtOH extract from a specimen of sponge, Cacospongia sp. (CMB-03404), obtained in 2001 during deep-water commercial trawling operations in the Great Australian Bight, was concentrated in vacuo and the residue partitioned to yield H 2 O and n-BuOH solubles. The n-BuOH solubles were then subjected to sequential solvent trituration to yield n-hexane, dichloromethane (DCM), MeOH and H 2 O soluble fractions. Preliminary high performance liquid chromatography diode array detection (HPLC-DAD) analysis revealed a complex array of metabolites concentrated in the DCM and MeOH fractions, although the DAD (UV-vis spectra) data proved uninformative for the purposes of dereplication. By contrast, the 1 H NMR (CDCl 3 ) data revealed resonances initially attributed to commonly encountered sponge sesterterpene tetronic acids, an assignment seemingly reinforced by high performance liquid chromatography mass spectrometry (HPLC-MS) analysis. With the 1 H NMR and HPLC-MS data suggesting an extract rich in known chemistry and antibacterial screening revealing an absence of growth inhibitory activity against a panel of Gram-positive and -negative pathogens, this extract was initially designated at a low priority for further chemical investigation. However, before leaving this extract to languish in our freezers, we noted a puzzling discrepancy. Sponge extracts rich in sesterterpene tetronic acids typically exhibit significant growth inhibitory activity against Gram-positive bacteria and on occasion against mammalian (i.e., cancer) cells. That the CMB-03404 extract did not exhibit such activity seemed incompatible with the preliminary determination that the extract was rich in sesterterpene tetronic acids. Intrigued by this anomaly, we re-prioritized the extract for detailed chemical analysis. Gratifyingly, solvent extraction followed by trituration and reversed-phase HPLC fractionation yielded a family of unprecedented sesterterpenes (1-15, Figure 1 ), with structure elucidation achieved by detailed spectroscopic analysis and biosynthetic considerations and reference to known sesterterpene tetronic acids (16-22, Figure 2 ), as outlined below. 
A portion of the aqueous EtOH extract from a specimen of sponge, Cacospongia sp. (CMB-03404), obtained in 2001 during deep-water commercial trawling operations in the Great Australian Bight, was concentrated in vacuo and the residue partitioned to yield H2O and n-BuOH solubles. The nBuOH solubles were then subjected to sequential solvent trituration to yield n-hexane, dichloromethane (DCM), MeOH and H2O soluble fractions. Preliminary high performance liquid chromatography diode array detection (HPLC-DAD) analysis revealed a complex array of metabolites concentrated in the DCM and MeOH fractions, although the DAD (UV-vis spectra) data proved uninformative for the purposes of dereplication. By contrast, the 1 H NMR (CDCl3) data revealed resonances initially attributed to commonly encountered sponge sesterterpene tetronic acids, an assignment seemingly reinforced by high performance liquid chromatography mass spectrometry (HPLC-MS) analysis. With the 1 H NMR and HPLC-MS data suggesting an extract rich in known chemistry and antibacterial screening revealing an absence of growth inhibitory activity against a panel of Gram-positive and -negative pathogens, this extract was initially designated at a low priority for further chemical investigation. However, before leaving this extract to languish in our freezers, we noted a puzzling discrepancy. Sponge extracts rich in sesterterpene tetronic acids typically exhibit significant growth inhibitory activity against Gram-positive bacteria and on occasion against mammalian (i.e., cancer) cells. That the CMB-03404 extract did not exhibit such activity seemed incompatible with the preliminary determination that the extract was rich in sesterterpene tetronic acids. Intrigued by this anomaly, we re-prioritized the extract for detailed chemical analysis. Gratifyingly, solvent extraction followed by trituration and reversed-phase HPLC fractionation yielded a family of unprecedented sesterterpenes (1-15, Figure 1) , with structure elucidation achieved by detailed spectroscopic analysis and biosynthetic considerations and reference to known sesterterpene tetronic acids (16-22, Figure 2 ), as outlined below. High resolution electrospray ionisation, positive mode mass spectrometry (HRESI(+)MS) analysis of 1 revealed a sodium adduct ion attributed to a molecular formula (C25H36O4, ∆mmu −0.5) consistent with a dihydro analogue of the known sponge metabolite (7E,12E,20Z,18S)-variabilin (16) (whose planar structure was first reported as variabilin) [3, 4, 6, 10] . Consistent with this hypothesis, the NMR (CDCl3) data for 1 (Tables 1,2 and S1 ) displayed resonances for a C-1 to C-19 structure fragment in common with 16. The E Δ 7 and E Δ 12 configurations were evident from shielded 13 C NMR chemical shifts for C-9 (δC 16.2) and C-14 (δC 16.0), compared to the known Psammocinia metabolite (7E,12Z,20Z,18S)-variabilin (17) (E Δ 7 δC 16.4, C-9; Z Δ 12 δC 24.1, C-14) [10] , as well as diagnostic rotating-frame nuclear Overhauser effect (ROESY) correlations between H-7 and H2-10 and between H-12 and H2-15 ( Figure 3 ). Principle differences in the NMR data for 1 compared to 16 were consistent with hydration of Z Δ 20 in 16 to deliver a C-21 acetal (δC 106.2) in 1 and replacement of the C-21 to C-25 α-methyl-tetronic acid moiety in 16 (i.e., C-22 δC 166.8) [6] , with an α-methyl-γ-hydroxy-γ-substituted butenolide in 1 (i.e., H-22 δH 6.82; C-22 δC 147.6) ( Figure 3 ). Based on the above and other 2D NMR correlations (Figure 3 ), the planar structure for cacolide A (1) was assigned as shown ( Figure  1) . HRESI(+)MS analysis of 2 revealed a sodium adduct ion attributed to a molecular formula (C25H36O6, ∆mmu −0.7) consistent with an oxidized (+O2) analogue of 1. Comparison of the NMR (CDCl3) data for 2 (Tables 1-2 and S2) with 1 revealed key differences associated with oxidation of the C-1 to C-4 furan moiety in 1, to an β-substituted γ-hydroxybutenolide in 2 (C-1 δC 170.0; H-4 δH 6.01; C-4 δC 99.5), with the butenolide regiochemistry confirmed by a heteronuclear multiple bond correlation (HMBC) from H2-5 to a C-4 acetal methine (δC 99.5) (Figure 3 ). Based on the above and other diagnostic 2D NMR correlations (Figure 3) , the planar structure for cacolide B (2) was assigned as shown ( Figure 1) . HRESI(+)MS analysis of 3 revealed a sodium adduct ion attributed to a molecular formula (C25H36O6, ∆mmu +0.6) consistent with an isomer of 2. Comparison of the NMR (CDCl3) data for 3 (Tables 1, 2 and S3) with 2 revealed a common C-5 to C-25 structure fragment, with the key differences being attributed to an alternate C-1 to C-4 α-substituted γ-hydroxybutenolide regiochemistry (H-1 δH 6.09; C-1 δC 97.2; C-4 δC 172.5), the latter independently confirmed by an HMBC from H2-5 to a C-4 carbonyl (δC 172.5) (Figure 3 ). Based on the above and other diagnostic 2D NMR correlations ( Figure  3 ), the planar structure for cacolide C (3) was assigned as shown ( Figure 1 ). High resolution electrospray ionisation, positive mode mass spectrometry (HRESI(+)MS) analysis of 1 revealed a sodium adduct ion attributed to a molecular formula (C 25 H 36 O 4 , ∆mmu −0.5) consistent with a dihydro analogue of the known sponge metabolite (7E,12E,20Z,18S)-variabilin (16) (whose planar structure was first reported as variabilin) [3, 4, 6, 10] . Consistent with this hypothesis, the NMR (CDCl 3 ) data for 1 (Tables 1 and 2 and Table S1 ) displayed resonances for a C-1 to C-19 structure fragment in common with 16. The E ∆ 7 and E ∆ 12 configurations were evident from shielded 13 C NMR chemical shifts for C-9 (δ C 16.2) and C-14 (δ C 16.0), compared to the known Psammocinia metabolite (7E,12Z,20Z,18S)-variabilin (17) (E ∆ 7 δ C 16.4, C-9; Z ∆ 12 δ C 24.1, C-14) [10] , as well as diagnostic rotating-frame nuclear Overhauser effect (ROESY) correlations between H-7 and H 2 -10 and between H-12 and H 2 -15 ( Figure 3 ). Principle differences in the NMR data for 1 compared to 16 were consistent with hydration of Z ∆ 20 in 16 to deliver a C-21 acetal (δ C 106.2) in 1 and replacement of the C-21 to C-25 α-methyl-tetronic acid moiety in 16 (i.e., C-22 δ C 166.8) [6] , with an α-methyl-γ-hydroxy-γ-substituted butenolide in 1 (i.e., H-22 δ H 6.82; C-22 δ C 147.6) ( Figure 3 ). Based on the above and other 2D NMR correlations (Figure 3 ), the planar structure for cacolide A (1) was assigned as shown ( Figure 1) . HRESI(+)MS analysis of 2 revealed a sodium adduct ion attributed to a molecular formula (C 25 Tables 1 and 2 and Table S2 ) with 1 revealed key differences associated with oxidation of the C-1 to C-4 furan moiety in 1, to an β-substituted γ-hydroxybutenolide in 2 (C-1 δ C 170.0; H-4 δ H 6.01; C-4 δ C 99.5), with the butenolide regiochemistry confirmed by a heteronuclear multiple bond correlation (HMBC) from H 2 -5 to a C-4 acetal methine (δ C 99.5) (Figure 3 ). Based on the above and other diagnostic 2D NMR correlations (Figure 3) , the planar structure for cacolide B (2) was assigned as shown ( Figure 1) . HRESI(+)MS analysis of 3 revealed a sodium adduct ion attributed to a molecular formula (C 25 H 36 O 6 , ∆mmu +0.6) consistent with an isomer of 2. Comparison of the NMR (CDCl 3 ) data for 3 ( Table 1, Table 2 and Table S3 ) with 2 revealed a common C-5 to C-25 structure fragment, with the key differences being attributed to an alternate C-1 to C-4 α-substituted γ-hydroxybutenolide regiochemistry (H-1 δ H 6.09; C-1 δ C 97.2; C-4 δ C 172.5), the latter independently confirmed by an HMBC from H 2 -5 to a C-4 carbonyl (δ C 172.5) (Figure 3 ). Based on the above and other diagnostic 2D NMR correlations (Figure 3) , the planar structure for cacolide C (3) was assigned as shown ( Figure 1 ). Tables 1-3, Tables S4 and S5) , with 3, revealed a common carbon skeleton, including a C-1 to C-4 α-substituted γ-hydroxybutenolide terminus, with the key differences being the appearance of 1-OCH 3 (δ H 3.56; δ C 57.3, OCH 3 ) and 1-OCH 2 CH 3 (δ H 3.73/3.91 and δ C 66.0, OCH 2 CH 3 ; δ H 1.27 and δ C 15.2, OCH 2 CH 3 ) moieties. The regiochemistry of these alkylations was independently confirmed from HMBC correlations from H-1 to OCH 3 in 4 and H-1 to OCH 2 CH 3 in 5 ( Figure 4 ). Based on the above, the planar structures for cacolides D (4) and E (5) were assigned as shown ( Figure 1 ). Table 3, Tables  S6 and S7) , with 3 and 5, revealed the key differences as hydration of ∆ 7 in 3 (C-7 δ C 122.9; C-8 δ C 136.8) and 5 (C-7 δ C 122.7; C-8 δ C 136.9), to yield a common C-8 3 • -OH in 6 (C-7 δ C 41.5; C-8 δ C 73.5) and 7 (C-7 δ C 41.6; C-8 δ C 73.1). The NMR data for 6 and 7 compared favourably with the known Sarcotragus metabolite (12E,20Z,18S)-8-hydroxyvariabilin (18) [6, 11] , with the C-1 to C-4 α-substituted γ-hydroxybutenolide regiochemistry confirmed by HMBC correlations from H 2 -5 to C-4 carbonyls (6 δ C 172.3; 7 δ C 171.9) ( Figure 5 ). Based on the above, the planar structures for cacolides F (6) and G (7) were assigned as shown (Figure 1) . Cacolides E (5) and G (7) are likely ethanolysis artefacts of 3 and 6, respectively, induced during prolonged storage in EtOH. HRESI(+)MS analysis of 6 and 7 revealed sodium adduct ions attributed to molecular formulae (C25H38O7, ∆mmu −1.1 and C27H42O7, ∆mmu +0.5) consistent with hydrated (+H2O) homologues of 3 and 5, respectively. Comparison of the NMR (CDCl3) data for 6 and 7 (Tables 1, 3, S6 and S7), with 3 and 5, revealed the key differences as hydration of Δ 7 in 3 (C-7 δC 122.9; C-8 δC 136.8) and 5 (C-7 δC 122.7; C-8 δC 136.9), to yield a common C-8 3°-OH in 6 (C-7 δC 41.5; C-8 δC 73.5) and 7 (C-7 δC 41.6; C-8 δC 73.1). The NMR data for 6 and 7 compared favourably with the known Sarcotragus metabolite (12E,20Z,18S)-8-hydroxyvariabilin (18) [6, 11] , with the C-1 to C-4 α-substituted γ-hydroxybutenolide regiochemistry confirmed by HMBC correlations from H2-5 to C-4 carbonyls (6 δC 172.3; 7 δC 171.9) ( Figure 5 ). Based on the above, the planar structures for cacolides F (6) and G (7) were assigned as shown (Figure 1) . Cacolides E (5) and G (7) are likely ethanolysis artefacts of 3 and 6, respectively, induced during prolonged storage in EtOH. HRESI(+)MS analysis of 8 and 9 revealed sodium adduct ions attributed to isomeric molecular formulae (C 27 H 39 NO 6 , ∆mmu +0.0 and −1.2) consistent with dihydro analogues of the known Psammocinia metabolite ircinialactam B (19) [10] , and Ircinia/Psammocinia metabolite ircinialactam A (20) [6, 10] . Comparison of the NMR (CDCl 3 ) data for 8 and 9 (Table 4, Table 5, Tables S8 and S9 ) with co-metabolites 1-5 revealed a common C-5 to C-25 structure fragment. However, whereas 8 possessed a C-1 to C-4 β-substituted glycinyl lactam regiochemistry in common with 19, the co-metabolite 9 possessed an C-1 to C-4 α-substituted glycinyl lactam regiochemistry in common with 20. The lactam regiochemistry in 8 was further confirmed by an HMBC from H 2 -5 to a C-4 methylene (δ C 55.7), while that in 9 was confirmed by an HMBC from H 2 -5 to a C-4 carbonyl (δ C 173.3) (Figure 6 ). Based on the above, the planar structures for cacolides H (8) and I (9) were assigned as shown (Figure 1) . HRESI(+)MS analysis of 10 revealed a sodium adduct ion attributed to a molecular formulae (C 28 H 43 NO 6 , ∆mmu −0.1) consistent with a methylated analogue of 8 or 9. Comparison of the 1D and 2D NMR (CDCl 3 ) data for 10 ( Table 4, Table 5 and Table S10) with 9 supported this hypothesis, including lactam regiochemistry and double bond conformations, with the new OCH 3 (δ H 3.74; δ C 52.4) positioned on the basis of an HMBC to the adjacent C-2 carbonyl (Figure 6 ). Based on the above, the structure for cacolide J (10) was assigned as shown ( Figure 1) . HRESI(+)MS analysis of 11 and 12 revealed sodium adduct ions attributed to isomeric molecular formulae (C 27 H 41 NO 7 , ∆mmu +1.3 and −1.4) consistent with hydrated analogues of the co-metabolites 8 and 9. Comparison of the NMR (CDCl 3 ) data for 11 and 12 (Table 4, Table 5 , Tables S11 and S12), with co-metabolites 8 and 9, revealed a common C-11 to C-25 structure fragment, with 11 sharing a C-1 to C-5 β-substituted glycinyl lactam moiety in common with 8 and 12 sharing a C-1 to C-5 α-substituted glycinyl lactam in common with 9. Both 8 and 9 also shared a C-8 3 • -OH moiety in common with co-metabolites 6 and 7 and the known Ircinia metabolites, 8-hydroxyircinialactams B (21) [6] and A (22) [6] . Based on the above, plus diagnostic 2D NMR correlations (Figure 6 ), the planar structures for cacolides K (11) and L (12) were assigned as shown (Figure 1 [6, 10] . Comparison of the NMR (CDCl3) data for 8 and 9 (Tables 4, 5, S8 and S9) with cometabolites 1-5 revealed a common C-5 to C-25 structure fragment. However, whereas 8 possessed a C-1 to C-4 β-substituted glycinyl lactam regiochemistry in common with 19, the co-metabolite 9 possessed an C-1 to C-4 α-substituted glycinyl lactam regiochemistry in common with 20. The lactam regiochemistry in 8 was further confirmed by an HMBC from H2-5 to a C-4 methylene (δC 55.7), while that in 9 was confirmed by an HMBC from H2-5 to a C-4 carbonyl (δC 173.3) (Figure 6 ). Based on the above, the planar structures for cacolides H (8) and I (9) were assigned as shown (Figure 1) . HRESI(+)MS analysis of 10 revealed a sodium adduct ion attributed to a molecular formulae (C28H43NO6, ∆mmu −0.1) consistent with a methylated analogue of 8 or 9. Comparison of the 1D and 2D NMR (CDCl3) data for 10 (Tables 4, 5 and S10) with 9 supported this hypothesis, including lactam regiochemistry and double bond conformations, with the new OCH3 (δH 3.74; δC 52.4) positioned on the basis of an HMBC to the adjacent C-2′ carbonyl ( Figure 6 ). Based on the above, the structure for cacolide J (10) was assigned as shown ( Figure 1) . HRESI(+)MS analysis of 11 and 12 revealed sodium adduct ions attributed to isomeric molecular formulae (C27H41NO7, ∆mmu +1.3 and −1.4) consistent with hydrated analogues of the co-metabolites 8 and 9. Comparison of the NMR (CDCl3) data for 11 and 12 (Tables 4, 5, S11 and S12), with cometabolites 8 and 9, revealed a common C-11 to C-25 structure fragment, with 11 sharing a C-1 to C-5 β-substituted glycinyl lactam moiety in common with 8 and 12 sharing a C-1 to C-5 α-substituted glycinyl lactam in common with 9. Both 8 and 9 also shared a C-8 3°-OH moiety in common with cometabolites 6 and 7 and the known Ircinia metabolites, 8-hydroxyircinialactams B (21) [6] and A (22) [6] . Based on the above, plus diagnostic 2D NMR correlations (Figure 6 ), the planar structures for cacolides K (11) and L (12) were assigned as shown (Figure 1 ). HRESI(+)MS analysis of 13 revealed a sodium adduct ion attributed to a molecular formula (C 25 H 36 O 6 , ∆mmu +0.7) isomeric with the co-metabolites 2 and 3, with comparison of NMR (CDCl 3 ) data (Table 4, Table 6 and Table S12 ) confirming a common C-1 to C-19 structure fragment, inclusive of a C-1 to C-4 β-substituted γ-hydroxybutenolide and E ∆ 7 and E ∆ 12 moieties. Further NMR comparisons revealed that 13 lacked the characteristic C-21 to C-25 α-methyl-γ-hydroxyl-γ-substituted butenolide moiety common across cacolides A-L (1-12), in favour of an acyclic isomeric equivalent, featuring a ketone (C-21, δ C 202.9) conjugated to a ∆ 22,23 (C-22, δ C 133.8; C-23, δ C 140.5) bearing methyl (C-25, δ C 14.4) and carboxylic acid (C-24, δ C 170.7) moieties. The proposed C-21 to C-25 terminus was further confirmed by HMBC correlations from H-22 to C-20 and from H 3 -25 to C-22, C-23 and C-24 ( Figure 7 ). An E ∆ 22 configuration was tentatively proposed on the basis that the alternate Z configuration might be expected to undergo at least partial cyclisation to yield the butenolide moiety common across co-metabolites 1-12 (see biosynthetic discussion below). Based on the above, the planar structure for cacolic acid A (13) was assigned as shown ( Figure 1 ). HRESI(+)MS analysis of 14 and 15 revealed a sodium adduct ions attributed to isomeric molecular formulae (C 20 H 30 O 5 , ∆mmu −1.0 and −0.8, respectively) requiring 6 double bond equivalents (DBE). Analysis of the NMR (CDCl 3 ) data for 14 ( Table 4, Table 6 and Table S14 ) revealed resonances for a C-1 to C-19 structure fragment in common with 13, together with a carboxylic acid (C-20 δ C 180.2), accounting for all 6 DBE. Diagnostic 2D NMR correlations confirmed the regiochemistry of the C-1 to C-4 β-substituted γ-hydroxybutenolide moiety ( Figure 7 ) and allowed assembly of the planar structure for cacolic acid B (14) as shown (Figure 1) . Analysis of the NMR (CDCl 3 ) data for 15 (Table 4, Table 6 and Table S14 ) revealed resonances for a C-1 to C-19 structure fragment in common with 3, together with a carboxylic acid (C-20 δ C 180.4), accounting for all 6 DBE. Diagnostic 2D NMR correlations confirmed the regiochemistry of the C-1 to C-4 α-substituted γ-hydroxybutenolide moiety ( Figure 7 ) and allowed assembly of the planar structure for cacolic acid C (15) as shown (Figure 1 ). HRESI(+)MS analysis of 14 and 15 revealed a sodium adduct ions attributed to isomeric molecular formulae (C20H30O5, ∆mmu −1.0 and −0.8, respectively) requiring 6 double bond equivalents (DBE). Analysis of the NMR (CDCl3) data for 14 (Tables 4, 6 and S14) revealed resonances for a C-1 to C-19 structure fragment in common with 13, together with a carboxylic acid (C-20 δC 180.2), accounting for all 6 DBE. Diagnostic 2D NMR correlations confirmed the regiochemistry of the C-1 to C-4 β-substituted γ-hydroxybutenolide moiety ( Figure 7 ) and allowed assembly of the planar structure for cacolic acid B (14) as shown (Figure 1) . Analysis of the NMR (CDCl3) data for 15 (Tables 4, 6 and S14) revealed resonances for a C-1 to C-19 structure fragment in common with 3, together with a carboxylic acid (C-20 δC 180.4), accounting for all 6 DBE. Diagnostic 2D NMR correlations confirmed the regiochemistry of the C-1 to C-4 α-substituted γ-hydroxybutenolide moiety ( Figure 7 ) and allowed assembly of the planar structure for cacolic acid C (15) as shown ( Figure 1 ). All the metabolites 1-15 incorporate chiral sp 3 centres, at one or both termini and are optically active (negative specific rotations). In an effort to assign absolute configurations we turned our attention to the likely biosynthetic relationship between 1-15. For the C-1 to C-4 termini we propose a relationship (Scheme 1) based around oxidative elaboration of the precursor β-substituted furanyl moiety in cacolide A (1). Mono-epoxidations lead to isomeric α,β-unsaturated butyrolactones that in turn form adducts with glycine to yield the regioisomeric glycinyl-lactam pairs 9 and 12 and 8 and 11 [10] . In an alternate oxidative elaboration, 2+4 addition of oxygen to the furan moiety (either stereospecific, or non-stereospecific) generates an intermediate cyclic peroxide, which undergoes alternate rearrangements to yield regioisomeric γ-hydroxybutenolides (2, 3, 6 and 13-15) . These butenolides can undergo elimination/addition reactions to both racemize sp 3 C-1 or C-4 chiral centres and yield OMe (4) and OEt (5 and 7) adducts, with the latter likely solvolysis artefacts generated during long term freezer storage of Cacospongia sp. (CMB-03404) in EtOH. The racemic character of natural sesterterpene γ-hydroxybutenolides is evident in other marine sponge metabolites, including manoalides [12] [13] [14] , luffariellolides [15, 16] , luffariolides [17] , acantholides [18] , thorectidaeolides [19] and cacospongionolides [20] , and in the case of 1-15 ensures that the C-1 to C-4 termini does not contribute to specific rotations.
Cacolides A-L (1-12) incorporate a common C-17 to C-25 terminus bearing chiral centres at C-18 and C-21, with spectroscopic and chromatographic data indicative of a single diastereomer. By comparison, cacolic acids A-C (13-15) feature an alternate terminus bearing a single C-18 chiral centre. A plausible biosynthetic relationship between the C-17 to C-25 termini in 1-15 could see all derived from oxidation of a putative furan precursor (Scheme 2). This would proceed by stereospecific 2 + 4 addition of oxygen to the furan moiety to yield a cyclic peroxide, followed by regiospecific rearrangement to yield the α-methyl-γ-hydroxy-γ-substituted butenolide common to 1-12. Nucleophilic hydrolysis of the lactone heterocyclic would yield an acyclic 21-oxo Z ∆ 22 intermediate, which following double bond isomerization and hydrolysis would yield the 21-oxo E ∆ 22 carboxylic acid 13. Further oxidative degradation of 13 would yield 14-15. In this relationship, the configurations about C-18 are preserved across 1-15 and about C-21 for 1-12. Comparison of the negative specific rotations for 14-15, with the known model compounds (-)-R-2,6-dimethyl-5-heptenoic acid [21, 22] and (+)-S-2,6-dimethyl-5-heptenoic acid [22] , suggests that 14-15 and by inference 1-13, possess an 18R configuration. The absolute configuration about C-21 in 1-12 remains unassigned. As predicted from screening of the Cacospongia sp. (CMB-03404) n-BuOH solubles, none of the pure metabolites 1-5 exhibited growth inhibitory activity against the Gram-positive bacterium Bacillus subtilis, Gram-negative bacterium Escherichia coli, a fungus Candida albicans, or two human cancer cell lines (SW620 and NCI-H460) at concentrations up to 30 μM. Furthermore, given the difficulties encountered in using HPLC-DAD, HPLC-MS and 1 H NMR dereplication on CMB-03404, we elected to investigate the application of Global Natural Product Social Molecular (GNPS) networking [23] . From our in-house library of southern Australian sponges, we acquired ultra-high perfomance liquid chromatography quadrupole time of flight, negative mode mass spectrometry (UPLC-QTOF-(-)MS/MS) data on n-BuOH solubles from ×5 specimens each of Ircinia spp., Psammocinia spp. and Sarcotragus spp., along with authentic samples of (7E,12E,20Z,18S)-variabilin (16) and ircinialactam A (20) . A GNPS analysis of this data ( Figures S3-S5) confirmed that all Ircinia, Psammocinia and Sarcotragus samples displayed a sesterterpene tetronic acid cluster, which As predicted from screening of the Cacospongia sp. (CMB-03404) n-BuOH solubles, none of the pure metabolites 1-5 exhibited growth inhibitory activity against the Gram-positive bacterium Bacillus subtilis, Gram-negative bacterium Escherichia coli, a fungus Candida albicans, or two human cancer cell lines (SW620 and NCI-H460) at concentrations up to 30 μM. Furthermore, given the difficulties encountered in using HPLC-DAD, HPLC-MS and 1 H NMR dereplication on CMB-03404, we elected to investigate the application of Global Natural Product Social Molecular (GNPS) networking [23] . From our in-house library of southern Australian sponges, we acquired ultra-high perfomance liquid chromatography quadrupole time of flight, negative mode mass spectrometry (UPLC-QTOF-(-)MS/MS) data on n-BuOH solubles from ×5 specimens each of Ircinia spp., Psammocinia spp. and Sarcotragus spp., along with authentic samples of (7E,12E,20Z,18S)-variabilin (16) and ircinialactam A (20) . A GNPS analysis of this data ( Figures S3-S5) confirmed that all Ircinia, Psammocinia and Sarcotragus samples displayed a sesterterpene tetronic acid cluster, which As predicted from screening of the Cacospongia sp. (CMB-03404) n-BuOH solubles, none of the pure metabolites 1-5 exhibited growth inhibitory activity against the Gram-positive bacterium Bacillus subtilis, Gram-negative bacterium Escherichia coli, a fungus Candida albicans, or two human cancer cell lines (SW620 and NCI-H460) at concentrations up to 30 µM. Furthermore, given the difficulties encountered in using HPLC-DAD, HPLC-MS and 1 H NMR dereplication on CMB-03404, we elected to investigate the application of Global Natural Product Social Molecular (GNPS) networking [23] . From our in-house library of southern Australian sponges, we acquired ultra-high perfomance liquid chromatography quadrupole time of flight, negative mode mass spectrometry (UPLC-QTOF-(-)MS/MS) data on n-BuOH solubles from ×5 specimens each of Ircinia spp., Psammocinia spp. and Sarcotragus spp., along with authentic samples of (7E,12E,20Z,18S)-variabilin (16) and ircinialactam A (20) . A GNPS analysis of this data ( Figures S3-S5) confirmed that all Ircinia, Psammocinia and Sarcotragus samples displayed a sesterterpene tetronic acid cluster, which incorporated the authentic standards 16 and 20 (and a number of related metabolites) ( Figure 8A-C) . By contrast, a GNPS analysis performed on n-BuOH solubles from Cacospongia sp. (CMB-03404) did not reveal a sesterterpene tetronic acid cluster ( Figure S6) , with the cacolides and cacolic acids dispersed over several clusters ( Figure 8D ). Close inspection of the MS/MS data revealed that, unlike sesterterpene tetronic acids, the butenolides 1-15 were prone to the facile loss of CO2, with further fragmentations defined by differing degrees of oxygenation and substitution. These observations confirm that, while GNPS can be an effective tool to detect the presence of sesterterpene tetronic acids in crude extracts, it is less useful at detecting and cataloguing cacolides/cacolic acids. Our discovery of cacolides A-L (1-12) and cacolic acids A-C (13-15) provides an intriguing chapter in the knowledge of marine sponge natural products and highlights some of the challenges faced in applying traditional and even newer (i.e., GNPS), dereplication technologies. Close inspection of the MS/MS data revealed that, unlike sesterterpene tetronic acids, the butenolides 1-15 were prone to the facile loss of CO 2 , with further fragmentations defined by differing degrees of oxygenation and substitution. These observations confirm that, while GNPS can be an effective tool to detect the presence of sesterterpene tetronic acids in crude extracts, it is less useful at detecting and cataloguing cacolides/cacolic acids. Our discovery of cacolides A-L (1-12) and cacolic acids A-C (13-15) provides an intriguing chapter in the knowledge of marine sponge natural products and highlights some of the challenges faced in applying traditional and even newer (i.e., GNPS), dereplication technologies. preparative HPLC (gradient elution from 30% H 2 O/MeCN to 100% MeCN over 25 min, with an isocratic 0.01% TFA modifier) fractionation of the MeOH solubles yielded cacolide J (10) (t R = 14.2 min; 1.6 mg; 0.13%) (see Figures S1 and S2 ). 
Metabolite Characterization

Cytotoxicity Assay
Adherent human colorectal (SW620) and lung (NCI-H460) carcinoma cells were cultured in Roswell Park Memorial Institute (RPMI) medium 1640. All cells were cultured as adherent mono-layers in flasks supplemented with 10% foetal bovine serum, L-glutamine (2 mM), penicillin (100 unit/mL) and streptomycin (100 µg/mL), in a humidified 37 • C incubator supplied with 5% CO 2 . Briefly, cells were harvested with trypsin and dispensed into 96-well microtiter assay plates at 2000-5000 cells/well after which they were incubated for 18 h at 37 • C with 5% CO 2 (to allow cells to attach as adherent mono-layers). Test compounds were dissolved in 20% DMSO in PBS (v/v) and aliquots (10 µL) applied
